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1.0 INTRODUCTION

Tn 1998, the Oregon Department of Transportation (ODOT) strengthened the historic Horsetail
Falls Bridge with fiber reinforced polymer (FRP) composites and initiated research projects to
investigate the behavior of the composite-strengthened Bridge (Kachlakev and McCurry 2000,
Kachlakev et al. 2001). The Bridge is a reinforced concrete (RC) structure on the Historic
Columbia Gorge Highway. Since that time, ODOT has been using composites to upgrade other
RC bridges to acceptable load capacity levels. However, because the experience with composites
on concrete is limited, concerns persist among engineers as to the durability of such retrofits.
Field data are needed to determine the long-term operating integrity of concrete structures
strengthened with composites.

Vibrating wire strain gauges are durable sensors for long-term monitoring of these structures, but
they cannot be used to acquire dynamic strain data. In addition, they have a fairly large footprint
that may not be compatible for placement within structural elements. Fiber optic sensors are also
durable and can be manufactured without the drawbacks of vibrating wire sensors. Though fiber
optic sensing technology is relatively new, it is anticipated that the technology will become an
important tool for monitoring the health of roadway structures (Huston and Fuhr 1995).
Horsetail Falls Bridge was the first experience for ODOT with fiber optic strain sensors. The
data were used in a computer model of the Bridge, developed under a separate research project,
and for monitoring the bridge response for 3% years after the composite was installed.

The Sylvan Bridge over Canyon Road on US 26 (ODOT Bridge No. 02285) was strengthened in
2000 with FRP composites and was the second bridge to have fiber optic strain gauges installed.
Unlike the Horsetail Falls Bridge, the Sylvan Bridge has several cracks in the beams and is
exposed to large traffic volumes. Hence, the use of fiber optic sensors on the Sylvan Bridge was
intended to provide data on the effect of composite strengthening on the strain field near a crack
as well as on the overall response of the bridge.

1.1 OBJECTIVES

This project had the following objectives:

Provide strain data to support the computer modeling of the Horsetail Falls Bridge.
Measure the effect of composite strengthening on bridge response.

Determine the effect of composite retrofit on the strain in the vicinity of a crack.
Monitor changes in bridge response over time for a bridge strengthened with FRP
composites.






2.0 EXPERIMENTAL METHOD

2.1 SENSOR CONSTRUCTION

The strain sensors used on the Horsetail Falls Bridge and the Sylvan Bridge were based on Bragg
gratings (Kersey, et al. 1997). Twenty-eight sensors, sixteen with a gauge length of 711 mm and
twelve with a gauge length of 1067 mm, were fabricated for the Horsetail Falls Bridge. Ten
sensors with a gauge length of 100 mm and four sensors with a gauge length of 1000 mm were
fabricated for the Sylvan Bridge. Sensor construction is outlined in Appendix A.

2.2 SENSOR INSTALLATION

Appendix B explains how the sensors were installed on the bridges. For the Horsetail Falls
Bridge, 16 sensors were placed at a 45° angle near the end of two beams, and 12 sensors were
positioned along the main axis at the bottom of those beams (Appendix C). The intent of the
45°-angle sensors was to monitor the shear strain in the beams; the sensors on the bottom of the
beams were to measure flexural strains. Each location had a sensor embedded in the concrete
and a sensor attached to the surface of the composite.

For the Sylvan Bridge, all 14 sensors were installed on the same span of the Bridge (Appendix
D). Nine of the 100-mm sensors were installed on the Bridge as three rosettes in order to
measure principal strain and direction. Two rosettes, one 100-mm sensor, and four 1000-mm
sensors were positioned on the center beam because it had more relatively large cracks than the
other beams. Rosettes R, and R; were placed on either side of a crack, and the 100-mm sensor
was situated 45° across the crack to monitor the effect of a crack on localized strain fields. The
1000-mm sensors were installed at the beam bottom and just under the bottom of the deck to
monitor the neutral axis position. Rosette R; was installed on the adjacent beam north of the
center beam in the same vicinity from the end of the span and the bottom of the deck as R, and
R; but not in close proximity to any visible cracks.

2.3 STRAIN MEASUREMENT

Initially, the sensing system used on the Horsetail Falls Bridge was capable of measuring static
strain with a maximum resolution of 5 microstrain. Using the same sensors, the current
instrumentation can provide a 0.02 microstrain resolution with dynamic acquisition rates of
approximately 10 KHz (Schulz, et al. 2002). An example of strain output from the Horsetail
Falls Bridge is shown in Figure 2.1.
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Figure 2.1: An example of strain output from the Horsetail Falls Bridge

Strain measurements were made with instrumentation developed by Blue Road Research. The
system interrogates the strain sensors with a broadband light source, and the signals are
demodulated with Bragg grating filters (Schulz, et al. 2002). Voltage output from the
demodulator is captured by a data acquisition system and is later transformed into strain values
based on the mathematical characteristics of the Bragg grating filters. Each sensor requires a
demodulator with a wavelength-aligned (tuned) filter to convert the waveform to a signal.
During the testing, four or eight demodulators were used; consequently, optical fiber leads from
the junction box had to be physically switched among the available demodulators in order to
monitor all the intended sensors.

The fiber optic instrumentation is able to measure changes in strain using an initial set of
measurements as the baseline. An ideal method for determining strain variations is to obtain a
baseline with no vehicles on the bridge, and then to use vehicles of known weight to measure the
strain response of the bridge. This procedure was used for the Horsetail Falls Bridge in which a
baseline measurement for each sensor was made with no traffic on the bridge. Subsequently, a
test truck was situated in seven predetermined positions, and strain measurements were collected
under these static conditions.

It was not possible to close the Sylvan Bridge because of the high volume of traffic; therefore,
the measurements were made under dynamic traffic conditions. The data were collected during
periods of relatively low traffic volume and high traffic volume. Four sensors were monitored at
one time for two periods of ten minutes. The data sets were noisy and exhibited time-dependent
drift; however, the data were manipulated as described in Appendix D to reveal the strain signal.



For both bridges, initial plans called for collecting data before and after installation of the
composite. Unfortunately, the state-of-the-art at the time before composite installation on the
Horsetail Falls Bridge was such that the fiber optic instrumentation was not sensitive enough to
resolve the load-induced strains. For the Sylvan Bridge, there was a window of only a few days
in which to acquire the pre-composite data. The instrumentation to accurately acquire dynamic
strain data was still evolving at the time; consequently, the time window was not adequate to
capture the strain data before installation of the composite. Therefore, no useful data before
composite installation was acquired for either bridge.

For the Horsetail Falls Bridge, three sets of data were recorded after the composite was installed.
One set of data was obtained from the Sylvan Bridge after the composite was installed.






3.0 RESULTS

3.1 HORSETAIL FALLS BRIDGE

Because the shear-strain sensors crossed through strain gradients, data from these sensors would
represent an average strain from the gradient (Kachlakev and McCurry 2000). It was decided
that this data would have limited value; consequently, no data from the shear sensors were
collected. The strain data from the flexural sensors are listed in Appendix C and can be used for
comparison in future load testing that may be conducted on the Bridge.

The effect of the composite strengthening on bridge behavior and capacity are reported in two
ODOT reports (Kachlakev and McCurry 2000; Kachlakev, et al. 2001). Though the composite
increased the capacity of the Bridge, finite element analysis showed that the strain due to a
loaded dump truck decreased less than six percent with the composite strengthening. Therefore,
if strain data had been acquired prior to strengthening, the strains would probably have been
similar to those measured after the retrofit.

3.2 SYLVAN BRIDGE

The primary intent of the Sylvan Bridge monitoring was to investigate the change in stress field
due to composite strengthening. Though the data before composite strengthening were not
obtained, the one set of measurements summarized in Appendix D can be used for comparison to
any future testing that may be done on the Bridge.

The largest strain recorded during the monitoring was 22 pie, well below the 1400 pe typically
associated with concrete fracture. As expected, the maximum strain was measured in the flexure
zone at the bottom of a beam.

Sets of three sensors had been installed on the Bridge to create rosettes as shown in Appendix D.
The intent was to determine principal strains and directions before and after the composite
retrofit. The calculated principal strains and directions, however, varied randomly as a function
of time. It was surmised that under static or near-static loading conditions, the rosettes would be
effective in determining principal strain and direction, but not under the dynamic load conditions
of traffic moving at highway speeds.






4.0 SUMMARY

The results obtained from sensors installed on the Horsetail Falls Bridge and the Sylvan Bridge
have demonstrated that fiber optic sensors are capable of dynamic strain measurements in civil
structures. After being in place for over three years on the Horsetail Falls Bridge, the sensors are
still operational, indicative of the anticipated longevity of fiber optic sensors. In the case of .
Horsetail Falls Bridge, the sensors provided the field data necessary to validate the computer
model of the composite-strengthened bridge. As the structure and its composite retrofit age, the
sensors will be available to monitor any decline in performance.

The Sylvan Bridge is scheduled for removal in mid-2003. As part of a National Science
Foundation project, current plans call for the sensors to measure the effects of damage to the
bridge during demolition.

Due to the lack of strain data prior to composite strengthening, the research objectives related to
measuring the effect of composite strengthening on bridge response and on strain in the vicinity
of a crack were not met.
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Appendix A: Sensor Construction

The strain sensors used on the Horsetail Falls Bridge and Sylvan Bridge were based on Bragg
gratings. The principal of construction for the sensors was the same for the two bridges;
however, the Sylvan sensors were more robust due to improvements in packaging. For the
Sylvan sensors, each sensor was housed in a PEEK tube with aluminum end fixtures attached to
the optical fiber with epoxy as shown in Figure A.1 below. During fabrication, a constant
tension was maintained on the optical fiber so that the fiber is always in tension in the completed
sensor. The actual grating is approximately 10 mm long, situated near the center of the sensor.
The gauge length is the distance between the points where the fiber is attached to the end-pieces;
consequently, the measured strain is the average strain between the end points. Sensors can be
constructed with any gauge length, from slightly larger than the length of the Bragg grating to, in
principle, many meters. A finished sensor is shown in Figure A.2 below.

Optical fiber Grating PEEK tube Silicone oil Simplex cable
Epoxy Splice Shrink tube
Aluminum end-piece Connector

Figure A.1: Schematic of sensor construction (not to scale)

R A R e oo

Gauge length

Figure A.2: View of a 100 mm gauge-length sensor installed on the Sylvan Bridge
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Appendix B: Sensor Installation

Sensor installation for the Sylvan Bridge consisted of the following steps:

—

Locations of the sensors, optical fiber leads, and the junction box were marked on the Bridge.

2. Grooves approximately 8 mm wide and 15 mm deep were cut for the sensors and optical
fiber leads.

3. Sensors and leads were fixed in place with Epcon A7 epoxy and duct tape as shown in Figure
B.1 below. All optical fiber leads were fed into the junction box shown in Figure B.2 below.

4. Grooves were filled with Renderoc HBA mortar and smoothed out flush with the surface of
the concrete as shown in Figure B.3 below.

5. FRP composite material was placed over the sensors.

For Horsetail Falls Bridge, the sensors were installed in a similar manner, with additional sensors
attached to the surface of the FRP composite with epoxy.

Figure B.1: Sensors fixed in grooves with epoxy
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APPENDIX C: HORSETAIL FALLS BRIDGE
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Appendix C2: Fiber optic sensor positions

Each indicated location includes two sensors: one embedded in the concrete and one attached to
the surface of the FRP composite. Specific sensor locations are distinguished with a four- or
five-digit alphanumeric label (e.g., LOSRA, T1FC). All dimensions are in millimeters.

< 5791
648 305
<<=
1 ] |
| ] |
i i
| |
LOSRB, LOSLB,
L1SLB
ISRB LOSLA,
LISLA
! L 1
i i 1 i
i i i i
X e Sl N
914 610 610 978
Each sensor is 711 mm long. East End
Longitudinal beam, side view, observer facing north
Note: In the sensor location designation, 0 refers to embedded in concrete and 1
refers to on the surface of the composite.
127 1626 1626
< e |
' i - !
1 H ! [
[ H ! 1
i | E
| LOFR, | LOFC, !
P L | LIFL
s T :
East End
Each sensor is 1067 mm long.
Longitudinal beam, observer looking up at the bottom
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5791

South End

914 610

Each sensor is 711 mm long.

Transverse beam, side view, observer facing east

< 5791

TOSLB,
TISLB

North End

914 610

Each sensor is 711 mm long.

Transverse beam, side view, observer facing west
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e N HEEE
25 A-———- L TOFL,
TOFR, ?l)ig, T1FL
T1FR
North End Each sensor is 1067 mm long.

Transverse beam, observer looking up at the bottom
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Appendix C3: Sensor locations and associated sensor numbers

Sensor Sensor
Location Number
TOFL 17
TOFC 13
TOFR 14
T1FL 39
TiFC 40
T1FR 36
TOSRA 26
TOSRB 25
TOSLA 21
TOSLB 19
T1SRA 28
T1SRB 34
T1SLA 29
T1SLB 30
LOFL 15
LOFC 12
LOFR 18
L1FL 37
L1FC 38
L1FR 35
LOSRA 20
LOSRB 23
LOSLA 22
LOSLB 10
L1SRA B16
L1SRB 27
LI1SLA 33
L1SLB 32




Appendix C4: Truck positions during load testing.

(Dimensions in millimeters)

(a) Position

(b) Position

(c) Position

(d) Position
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Appendix C5: Truck details

November 1999 Test (All dimensions in millimeters)

4800
2440
=17 200
1 350
Axle weights in Newtons (pounds)
Empty: Full:
Front: 56,900 (12,800) Front: 68,900 (15,500)
Center: 32,000 (7200) Center: 70,300 (15,800)
Back: 31,100 (7000) Back: 69,400 (15,600)
November 2000 Test (All dimensions in millimeters)
4830 |
2490
660—_|—i = =

1420

Axle weights in Newtons (pounds)

Empty: Full:
Front: 56,900 (12800) Front: 69,400 (15,600)
Center: 33,400 (7500) Center: 75,200 (16,900)
Back: 31,100 (7000) Back: 73,800 (16,600)
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February 2001 Test (All dimensions in millimeters)

| 4830 |

2440
o 380
Axle weights in Newtons (pounds)
Empty: Full:
Front: 72,000 (16200) Front: 78,700 (17,700)
Center: 32,500 (7300) Center: 57,800 (13,000)
Back: 31,600 (7100) Back: 56,000 (12,600)

C-9



Appendix C6: Strain results

November 1999 test
Four sensors read simultaneously.

Truck . Strain per Location (uc) Truck .. Strain per Location (ue)
Condition | PSR [ror A TT OFC [ TIFC| TIFR Condition | POSIO0 "yapy Ty OFR [ LIFC | TOFR
Empty 1 3 -1 4 3 Full 1 2 0 -1 5
Empty 2 710 [ 7 | 7 Full 2 a0 | 1| 12
Empty 3 7 2 8 8 Full 3 -2 0 3 17
Empty 4 8 1 9 9 Full 4 1 1 3 20
Empty 5 7 1 8 8 Full 5 4 0 4 19
Empty 6 31 2 | 5 | 4 Full 6 2 | 1 | 7 | 10
Empty 7 1 0 2 3 Full 7 0 1 4 5
Fmpty 1 3 1 | 4 | 3 Full 1 210 | 15
Empty 2 7T 0 [ 7 1 7 Full 2 a0 | 1| 12
Empty 3 § 1 3 | 7 | 7 Full 3 21 0 | 3 | 17
Empty 4 8 2 8 8 Full 4 0 1 3 19
Empty 5 7 2 7 7 Full 5 4 0 4 19
Empty 6 31 3 | 4 | 3 Full 6 2 11 ] 7 |10
Empty 7 T T 1 | 1 1 2 Full 7 0o | 1 | 3 | 4
Truck . Strain per Location (ue Truck » Strain per Location (ug
Condition | Fosition o L’SFR L1FC (Tum)?R Condition | FOsition Frope Lch T1FC (1?113*11
Empty 1 2 0 | 1 | 4 Full 1 3 |15 4 | 1
Empty 2 o 1 o | o | 9 Full 2 o | -1 ] 8 | 3
Empty 3 0 1 3 10 Full 3 16 10 4
Empty 4 0 1 2 10 Full 4 20 3 11 4
Ermpty 5 2 10 2 | 9 Full 5 9| 6 | 11 | 4
Empty 6 1 1 3 5 Full 6 6 9 6 1
Empty 7 0 1 1 2 Full 7 3 3 3 0
Empty 1 0 | 1 | 4 Full 1 3 | 2 | 4 | 1
Empty 2 0 0 8 Full 2 9 -1 7 3
Empty 3 o | 3 | 9 Full 3 6| 3 | 10| 4
Empty 4 1 | 2 [ 10 Full 4 0 | 3 | 11| 5
Empty 5 o 2 | o Full 5 © | 7 | 101 5
Empty 6 0 3 4 Full 6 6 10 6 2
Empty 7 0 1 2 Full 7 2 3 3 1
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November 2000 test
Eight sensors read simultaneously

Truck | Position Strain per Location (uc)

Condition TOFC | LOFC | T1IFC | T1FR | LOFL | LOFR | L1FC | TOFR
Empty 1 17 0 19 10 2 0 0 8
Empty 2 37 4 40 25 2 1 2 14
Empty 3 40 9 43 31 -4 4 11 17
Empty 4 43 8 45 35 1 7 8 25
Empty 5 40 9 42 30 4 8 22
Empty 6 18 10 22 10 -1 4 11 5
Empty 7 8 6 13 9 -1 5 6 0

Full 1 18 -4 18 13 -4 -1 -3 8
Full 2 52 2 45 35 0 -1 2 27
Full 3 78 6 71 55 -3 4 8 37
Full 4 92 5 86 61 2 6 6 42
Full 5 86 11 79 57 11 3 16 38
Full 6 32 19 31 22 8 10 22 19
Full 7 12 6 12 8 2 7 7 9
February 2001 Test
Eight sensors read simultaneously
Truck Position Strain per Location (ue)

Condition TOFC | LOFC | T1IFC | T1FR | LOFL | LOFR | L1FC | TOFR
Empty 1 16 -6 23 | NA | -5 2 -4 8
Empty 2 42 0 44 | NA 1 2 -1 22
Empty 3 45 9 45 | NA 1 4 10 | 20
Empty 4 45 6 46 | NA 3 7 7 22
Empty 5 42 8 42 | NA 6 3 6 22
Empty 6 21 8 22 | NA 4 4 10 9
Empty 7 9 3 11 | NA 3 3 4 5
Full 1 21 -4 20 | NA | -5 2 2 12
Full 2 49 0 49 | NA | -3 2 0 29
Full 3 63 8 60 | NA | -1 2 10 33
Full 4 71 6 69 | NA 4 6 8 37
Full 5 66 11 64 | NA 8 2 10 39
Full 6 29 15 28 | NA 4 7 18 17
Full 7 13 5 12 | NA 2 4 6 8
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APPENDIX D: SYLVAN BRIDGE
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Appendix D2: Fiber optic sensor positions

Position of 100 mm sensors on center beam. All dimensions are in millimeters. The italicized
numbers are sensor identification numbers, and the italicized Rs are rosette identification labels.

East End
Column Beam
1600 /
< 1800 //
1090 1090 - 1030
\M
620




Position of 1000 mm sensors. All dimensions are in millimeters. The italicized numbers are
sensor identification numbers.

11950
East End
i
]
i 11
]
i
i
1
1
1
1
] ] ]
. :
Column Beam i i____,_y—————' :'\q
|
1
251/5 205 210
460 12 10
Plan view of beam underside
620
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Position of 100 mm sensors on beam 5. All dimensions are in millimeters. The italicized
numbers are sensor identification numbers, and the italicized R is the rosette identification label.

East End
Beam 430 Column
>i<2
H RI
<— 1670
1070
\\
620
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Appendix D3: Data manipulation method

The data manipulation routine used for the Sylvan Bridge data is illustrated below for sensor 3,
run 1. Generally, the raw strain data exhibited time-dependent drift. Fast Fourier Transform
smoothing with 2000 points was used to construct a curve that represented the baseline for the
data. The FFT curve was subtracted from the raw strain data to yield transformed data centered
at zero. Savitzky-Golay smoothing with 51 points and a polynomial order of two was used to
reduce the noise and define the strain signal due to traffic. The first 50 seconds were truncated in
the completed plots to eliminate an artifact of the FFT smoothing process. The data
manipulation was conducted with Origin 6.0.

Raw Strain Data
680 FFT Curve
660
T =
s s
= £ 6407
g
8 &
2 8
= :E/ 6207
£ c
] ®
o ? 600
580
T 1 T T T T
0 200 400 600 0 200 400 600
Time (seconds) Time (seconds)
50 107
Raw Strain Data Minus FFT Curve After Savitzky-Golay Smoothing
40
T 30 <
g s
@ B
S 20- g o
£ E
£ ) : £
g 104 E . | g
» L ) 7]
-10 T T T -10 T T T
o] 200 400 600 0 200 400 600
Time (seconds) Time (seconds)
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